Abstract
light and dark sediments was related to three fining upwards sequences similar to the 1 storm deposits found in other continental shelf settings (Lesueur et al., 2002) . 2
According to the stratigraphic position of this unit, its deposition occurred during the 3 Late Pleistocene-early Holocene. 4 5 Unit C consisted of well-sorted medium to fine siliciclastic sand with glauconites and 6 no carbonates, and was located at the base of cores ZV-24, ZV-20 and ZV-18. Its mean 7 grain size decreased northwards, whilst its thickness increased in the same direction up 8 to the 80 cm observed in ZV-18. Based on the chronology of core ZV-20, its deposition 9 occurred close to the LGM. 10 11 Finally, Unit D consisted of subrounded and poorly sorted siliciclastic gravely sand 12 without carbonates. This sediment association was only found at the base of ZV-27. An 13 age of 9060 cal yr BP immediately above the erosive contact separating Unit D from A 14 suggests a Late Pleistocene origin. 15
Composition

16
The sediments were predominantly siliciclastic, with significant biogenic CaCO 3 17 amounts in Units A and B (Figs. 3a and 3b) . CaCO 3 increased downcore from 10%- 20% 18 in Unit A to up to 50% in Unit B, decreasing to ~5% in Unit C. CaCO 3 was strongly 19 related to grain size and water depth, being more abundant in coarse sediments and 20 towards the east, closer to the coast (Fig. 3b) . The HIRM, sensitive to hematite and goethite, was comparable to κ, SIRM and ARM 20 (Figs. 3a and 3b) , implying a similar origin for the observed magnetomineralogical 21 variability. However, similar HIRM amplitudes in A 1 and A 2 suggested that hematite 22 and/or goethite were less sensitive to the processes responsible for the downcore 23 decrease in amplitude in κ, SIRM and ARM, which also explains the coercivity increase 1 below A 2. 2 3 Thermomagnetic measurements showed a marked reduction in magnetization above 520 4 ºC ( Fig. 4a ) that rapidly decreased to ca. 0 at 580 ºC, the Curie temperature of pure 5 magnetite. This confirms the predominance of this mineral in Unit A sediments with 6 high concentration-dependent magnetic signals. In sediments below A 2 , magnetization 7 increased from 400 ºC to 500 ºC, and dropped quickly to 0 at 580 ºC. This behavior is 8 typical of high-temperature oxidation of pyrite to magnetite (Roberts and Pillans, 1993) . 9
A double bump was frequently observed in low magnetic concentration sediments, and 10 was interpreted as the early oxidation of framboidal pyrite followed by the oxidation of 11 euhedral pyrite caused by the contrasting specific surfaces of the two forms of pyrite 12 (Passier et al., 2001) . SEM observations of framboidal pyrite in these sediments support 13 this interpretation. 14 
15
The IRM coercivity spectra showed the coexistence of at least two magnetic phases 16 (Fig. 4b) . In the high-concentration peaks of Unit A and in Unit C, 90%-100% of the 17 signal was carried by magnetite and titanomagnetites. A secondary high-coercivity 18 phase with mean coercivity > 1T contributed to 15-20% high coercivity contribution of the high coercivity phases (Fig. 5f ).1 ARM/IRM also covaried with changes in magnetic concentration and mineralogy (Figs. 2 3a and 3b). The increase below A 1 , more evident in ZV-24, suggested a finer magnetic 3 grain size, although it can also be related to the precipitation of greigite under mild 4 reducing conditions (Kao et al., 2004) . Below A 2 , the southernmost cores exhibited a 5 sharp drop in ARM/IRM, and consequently a marked coarsening at these depths. This 6 coarsening trend continued down through Unit B and C, as expected for these sandy and 7 gravely units. Only the southernmost cores exhibited a relative fining of the magnetic 8 mineral assemblage associated to the transition from Unit A and B. In Unit D, grain size 9 decreases occurred in phase with the high-coercivity peaks in the lower part of this unit. 10
11
This coupling between changes in magnetic concentration, coercivity and magnetic 12 grain size are characteristic features of sediments undergoing early diagenetic reductive 13 dissolution (Bloemendal et al., 1993) . The coarsening observed below A 2 is caused by 14 the preferential dissolution of the smaller-sized iron oxides given their higher specific 15 surfaces. Magnetic hardening also results from the higher resistance to reductive 16 dissolution of hematite and goethite compared to magnetite (Bloemendal et al., 1993; 17 Liu et al., 2004) , which also explains the similar amplitudes of HIRM peaks A 1 and A 2 18 ( Figs. 3a and 3b) . 19 20 The Day plot (Day et al., 1977) of hysteresis data (Fig. 5a ) suggested a pseudo-single 21 domain (PSD) dominant magnetic size (1-15 μm). The high B cr /B c ratios of the low 22 magnetic concentration sediments are caused by the increased contribution of a high 23 coercivity phase to the magnetomineralogical assemblage, probably hematite (Nagataabove A 2 (Fig. 5b-c) were also consistent with a dominant PSD size (Fig. 5a ), although 1 sediments between A 1 and A 2 , (Fig. 5c ) exhibited a more single domain-like (SD) 2 behavior. Below A 2 and in Units B, C and D, multidomain (MD) grains were dominant 3 ( Fig. 5d-e) . Sediments characterized by high B cr showed a FORC distribution extending 4 up to 200 mT (Fig. 5f ) as a result of the increased hematite contribution. 5
SEM
6
Electron microscopy revealed that iron oxides and oxyhydroxides coexisted with iron 7 sulfides of framboidal morphology (Fig. 6 ). Detrital oxides showed in many instances 8 clear signs of dissolution, such as edging ( Fig. 6a ) and in situ fragmentation (Fig. 6b) , 9 which can explain the grain size decreasing trend observed in the upper part of the 10 cores. The strong diagenetic alteration of these sediments is also demonstrated by the 11 significant replacements in carbonates (Fig. 6c) The fluvial origin of Unit D is based on its textural characteristics and its exclusive 4 occurrence at the base of core ZV-27, which was close to the LGM incised 5 paleochannel of the Ría de Vigo identified by Garcia-Garcia et al. (2005) . 6 7 Unit C was deposited around the LGM, with the sea level ca. 120 m below its current 8 level. The lamination and high degree of sorting of this sandy unit and the absence of 9 biogenic carbonates are typical of high-energy subaerial coastal environments (beaches, 10 sand bars). The muddy patch dated in this unit at 238 cm is interpreted as a temporary 11 lagoon that was subsequently filled during the progradation of sand barriers and shelf 12 sands, as described in Vilas et al. (2010) . This deposit is interpreted as reworked marine 13 sediments from previous eustatic cycles based on the occurrence of significant amounts 14 of glauconite, similar to the highly-evolved glauconites described by Fernández- Bastero 15 et al. (2000) at the approximate location of the studied cores. The presence of Unit C in 16 most cores indicates a significant lateral continuity, while the fining northwards trend 17 also indicates a southern provenance. This is consistent with results from coupled 18 atmosphere-ocean-cryosphere models that show a NAO with predominant southerly 19 winds in this area during the LGM (Justino and Peltier, 2005) . 20 
21
The textural characteristics of Unit B are similar to the palimpsests described by Rey 22 (1993) in this area. These gravelly biogenic sands are typical of high-energy marine 23 environments, which is coherent with its Late Pleistocene-early Holocene origin, when 24 the shallow water depth of the transgressive stage favored the reworking of sedimentsby waves. Furthermore, the storm-related fining upwards sequences found in core ZV-1 20, where this unit is best developed, suggest that most reworking occurred during peak 2 winter storms, as can be observed at present (Dias et al., 2002b) . 3 4 Finally, Unit A was deposited in a low-energy marine setting similar to the present day, 5 starting around 5000 cal yr BP, roughly coeval with the reported sea-level stabilization 6 for this area at ~6000 cal yr BP (Durán, 2005) . Its deposition started in the early 7
Holocene in the southernmost cores ZV-27 and ZV-30 (ca. 9000 and 7000 cal yr BP, 8 respectively). This can be explained by their greater proximity to the Duero river, the 9 main source of sediments in the area, but especially by the development of estuarine 10 conditions at some point during the early Holocene, as suggested by the succession of 11 fluvial (Unit D) to marine (Unit A) sediments in this area. This would enhance the 12 efficiency of sediment trapping (Postma, 1967) and subsequently promote the earlier 13 registration of marine sediments in this area. 14 This alteration is caused by reductive early diagenesis, as confirmed by the SEM 1 observation of framboidal iron sulfides, the end-product of iron reduction in marine 2 sediments (Canfield and Berner, 1987) . However, the intensity of reductive dissolution 3 was moderate enough to allow magnetite to be present in most of the core length. This 4 interpretation is supported by the confinement of Fe sulfides within organic-rich 5 microenvironments and the presence of greigite, typical of mild reducing conditions 6 (Kao et al., 2004) . Greigite typically exhibits SD behavior (Roberts, 1995) , which 7 explains the small grain size decrease below peak A 1 in all the cores (Figs. 3a and 3b) 8 and the more SD-like characteristics of the FORC diagrams of this region (Fig. 5c) . 9 10 It can also be argued that the southern cores underwent more intense early diagenetic 11 reductive dissolution of magnetic minerals as a result of their higher TOC contents. In 12 this region, organic productivity is greatly enhanced by the upwelling of nutrient-rich 13 waters forced by dominant northerly winds. Although upwelling has been intermittent 14 throughout the Holocene (Diz et al., 2002; Martins et al., 2006) , this discontinuity 15 cannot explain these differences in TOC content because of the relatively small area 16 affected compared to the regional influence of upwelling, extending beyond the western 17
Origin of the magnetic signal
Iberian margin. These diagenetic differences can be explained considering lateral 18 advection processes. Under winter conditions, the Galician Rías exhibit a well 19 documented estuarine negative circulation pattern (deCastro et al., 2004) , in which the 20 onshore advection of water forced by southerly winds is balanced by a bottom seawards 21 flow, transporting organic-rich fine material resuspended during southwesterly storms 22 (Rey et al., 2005) from the Rías into the shelf. The formation of bottom nepheloid 23 layers with high particulate organic carbon content (4% -15%) after-storm events is a 24 common feature in the northern Portuguese margin (Oliveira et al., 2002) , and supportsthe feasibility of this scenario. Local differences in the TOC export from the Rías to the 1 shelf constrain the intensity of early redoxomorphic diagenesis at each site. In this way, 2 the finer and organic richer sediments of the Ría the Vigo (Vilas et al., 2005) make 3 cores ZV-27 and ZV-24 to receive more organic matter than ZV-20 and ZV-18 in the 4 Ría de Pontevedra, forcing the observed differences in diagenesis intensity. 5 6 Environmental significance of early diagenesis 7 The observed differences in the diagenetic intensity can be identified in order to better 8 trace changes in the detrital input and in the upwelling intensity related to the climatic 9 variability of the NW Iberian Margin during the late Holocene. 10 11 As shown previously, Unit A showed evidences of reductive early diagenesis in all the 12 cores, which intensified downcore and towards the south. The SIRM signal decreased to 13 half its maximum value in an average of 900 yr. This time scale is within the 50-1000 yr 14 range proposed by Canfield and Berner (1987) for the dissolution of magnetite to half its 15 concentration in anoxic sediments. 16
17
All the concentration-dependent magnetic properties but HIRM (more resistant to 18 diagenesis), showed the overall negative exponential shape typical of steady-state 19 diagenesis of Berner (1980) . Therefore, we performed an exponential fit of the 20 downcore evolution of the ferrimagnetic mineral concentration (SIRM) to represent the 21 ideal scenario of predominant steady-state early diagenesis (Fig. 8a ). This fit was 22 significant (r 2 = 0.68-0.85) and sufficient to explain most of the observed negative 23 exponential downcore trend. It will be demonstrated that the low-amplitude deviationsfrom this trend are controlled by differential detrital input of magnetic minerals and 1 their postdepositional evolution during the late Holocene, and subsequently that they 2 can be used as proxies for environmental changes during this period. 3 4 During the RWP (~ 1950 (~ -1550 (Lamb, 1985) ) and the MWP (~ 1150-650 cal 5 yr BP; (Hughes and Diaz, 1994) ), values in excess of the fit indicate a local maximum 6 in the concentration of magnetic minerals caused by enhanced continental detrital input. 7
Similarly, values in deficit of the fit indicate magnetic concentration minima, and 8 consequently, diminished detrital inputs and/or more intense early diagenetic 9 dissolution. These minima are coeval with two periods of intensified upwelling in the 10 area, the oldest spanning from 2200 cal yr BP to 1200 cal yr BP (Bartels-Jónsdóttir et 11 al., 2006) , and the most recent since 500 cal yr BP (Diz et al., 2002; Martins et al., 12 2007) . Based on these findings, and the observed magnetomineralogical changes 13 characteristic of reductive dissolution during these periods, we demonstrate that early 14 diagenetic changes in the magnetic properties can be used as proxies for intensified 15 upwelling periods. Enviromagnetic techniques complement more precise, but also more 16 time-consuming, paleoclimatic proxies (e.g. Snowball and Moros, 2003; Kleiven et al., 17 2008; Rey et al., 2008) . Their low cost, simplicity, and speed allow the analysis of a 18 large number of cores and therefore help to build larger databases that reinforce and 19 validate single-core observations over a wide area, thus buttressing more accurate data 20 with increased robustness and regional significance. 21 
Paleoclimatic interpretation of the magnetic results
22
The overall decrease in detrital input with age ( Fig. 8b) is actually caused by the 23 progression of early diagenesis with depth ( Fig. 8a) , which leads to the more effectivedissolution of deeper detrital oxides, especially before the RWP (Fig. 8) . It is likely that 1 the apparent offset of the RWP in our age model towards a slightly older age (~2100 to 2 ~2200 cal yr BP) compared to the typical 1950-1550 cal yr BP age range is a result 3 from the enhanced dissolution of magnetic minerals during the latest part of this period, 4
forced by the intensification of the upwelling from 2200 to 1200 cal yr BP (Bartels-5 Jónsdóttir et al., 2006) . 6 7 However, these results clearly reveal two periods of enhanced continental input roughly 8 coincident with the RWP and the MWP. This interpretation of the magnetic 9 concentration peaks as the fingerprints of large detrital discharges to the continental 10 shelf is supported by increased river runoff in the western Iberian Peninsula during the 11 RWP (Martínez-Cortizas et al., 1999; Bernárdez et al., 2008) , combined with greater 12 erosion during the Roman colonization as a result of massive deforestation for 13 agriculture and mining (Muñoz Sobrino et al., 2005) . This enhanced continental input 14 also explains the increase in sedimentation rates towards the south after ca. 2000 cal yr 15 BP (Fig.2) , since these sites are closer to the main rivers supplying sediments to the 16 Galician Mud Patch. A lower detrital input before this period would also allow for the 17 sediments to be more evenly distributed, and would explain the similar age-depth slopes 18
for that time interval. 19 20 After the RWP, detrital continental input to the shelf decreased until ca. 1200-1000 calFrom 1200-1000 cal yr BP until ca. 500 cal yr BP another large pulse of detrital 1 continental material to the shelf occurred, punctuated by a small decrease roughly 2 centered at the Little Ice Age (LIA, ~ 450-50 cal yr BP, e.g. (Bradley and Jones, 1993) ). 3
This increase in river discharge and sedimentary load during the 10 th century is 4 mentioned in historical documents (Dias et al., 2000) , and also led to higher 5 sedimentation rates in the silt deposits of the northern Portuguese continental shelf 6 (Drago et al., 1995) . These characteristics suggest increased precipitation in the 7 northern sector of the Iberian Peninsula during the MWP, which led to increased 8 sediment transport from the continent to the shelf. Findings of enhanced continental 9 influence for the Ría de Vigo (Álvarez et al., 2005) and Ría de Muros (Lebreiro et al., 10 2006) during this period, which these authors attribute to forcings related to long NAO 11 trends, are coherent with this interpretation. In addition, the increase in population of 12 the northern regions of the Iberian Peninsula related to the conflicts with Muslims in the 13 South during the MWP reinforced this effect, enhancing erosion and therefore detrital 14 inputs to the shelf (Muñoz Sobrino et al., 2005) . 15 16 Upwelling was also more intense from 500 cal yr BP (Diz et al., 2002) . However, our 17 findings suggest that its effect was not as intense on the shelf as within the Galician 18 Rías, where magnetite can be completely dissolved within less than 50 yr (Emiroglu et 19 al., 2004; Mohamed, 2006) . Therefore, the export of TOC to the sediment was 20 sufficiently low as to preserve a climatically-meaningful magnetic signal for at least the 21 last 2500 yr. 22
Conclusions
1
The integrated analyses of the magnetic, geochemical and textural properties of Galician 2 continental shelf sediments, has proven to be a useful technique for detecting and 3 tracing paleoclimatic signatures in near-shore sediments, despite the heterogeneity and 4 the early diagenetic alteration of magnetic minerals. A conceptual model illustrating the 5 interplay between the sedimentary characteristics of the Galician continental shelf and 6 the processes that control them is provided in supplementary material figure S1 . 7 8 The four sedimentary units identified since the Late Pleistocene represent a succession 9 from fluvial and subaerial coastal sediments to transgressive and high-stand marine 10 sediments, related to the sea-level rise occurred since the LGM. 11
12
The interplay between continental detrital input to the NW Iberian margin, and the early 13 diagenetic reductive dissolution of magnetic minerals caused two periods of high 14 magnetic concentration during the last 2500 yr. These periods can be unambiguously 15 traced over the studied area and their ages correspond to the RWP and MWP, and also 16 extend into the LIA. The increased input of continental detrital minerals to the shelf was 17 related to wetter conditions, which enhanced river discharge and sediment transport to 18 the shelf. In addition, intense human activities in the area increased continental erosion, 19 which favored runoff and therefore reinforced the export of sediments to the NW 20 Iberian Margin. 21
22
Magnetically depleted sediments are the result of early diagenetic dissolution of 23 magnetic minerals. Deviations from a steady-state diagenetic trend could be used to 24 identify periods of lower detrital input and/or enhanced upwelling. Between the RWPand the MWP, and to a lesser extent after 500 cal yr BP, enhanced upwelling and 1 decreased detrital input to the shelf promoted the onset of reductive early diagenesis and 2 the virtually complete dissolution of magnetic minerals. The time dependence of early 3 diagenesis precludes the untangling of the time signal from the upwelling forcing prior 4 to 2500 cal yr BP, where the magnetomineralogical assemblage is completely dissolved. 5 6 The southern sector of the studied region, adjacent to the Ría de Vigo, showed an 7 increased sensitivity to reductive redox conditions. It is proposed that this is mostly due 8 to the local accumulation of organic matter as a result of the direct export of organic 9 matter from the Ría de Vigo by offshore bottom-currents generated during downwelling 10 events. Sagnotti, L., Roberts, A.P., Weaver, R., Verosub, K.L., Florindo, F., Pike, C.R., Clayton, T., (solid points). Note that data scattering increases for κ below 10 * 10 -5 SI, which adds 17 significance to the Ti-κ relationship in high-concentration magnetic zones. 18
Figure 7 (gray). 19
Plots of low-field magnetic susceptibility vs. Ti content. The solid black line is the 20 linear fit for all data points in the cores. The dotted gray line represents the fit for the 21 data points in Unit A (solid points). Note that data scattering increases for κ below 10 * 22 -5 SI, which adds significance to the Ti-κ relationship in high-concentration magnetic 23 zones. 24 Figure S1 .
Figures
Conceptual model illustrating the interplay between the sedimentary characteristics of the Galician continental shelf and the processes operating on them.
